Missouri University of Science and Technology

Scholars' Mine
Opportunities for Undergraduate Research
Experience Program

Student Research & Creative Works

23 Mar 1994

Determination of Flow Quality and Boundary Layer Thickness in
Variable Density Wind Tunnel
Marshall Philips

Follow this and additional works at: https://scholarsmine.mst.edu/oure
Part of the Aerospace Engineering Commons

Recommended Citation
Philips, Marshall, "Determination of Flow Quality and Boundary Layer Thickness in Variable Density Wind
Tunnel" (1994). Opportunities for Undergraduate Research Experience Program. 10.
https://scholarsmine.mst.edu/oure/10

This Presentation is brought to you for free and open access by Scholars' Mine. It has been accepted for inclusion
in Opportunities for Undergraduate Research Experience Program by an authorized administrator of Scholars' Mine.
This work is protected by U. S. Copyright Law. Unauthorized use including reproduction for redistribution requires
the permission of the copyright holder. For more information, please contact scholarsmine@mst.edu.

DETERMINATION OF FLOW QUALITY AND BOUNDARY
LAYER THICKNESS IN VARIABLE DENSITY WIND TUNNEL
By Marshall Philips
Aerospace Engineering Department

ABSTRACT
The purpose of this paper is to measure the velocity profile in the test section of the Variable
Density Wind Tunnel (VDWT). The hot wire anemometer is chosen to measure the velocity profile
because of its accuracy and its ability to be moved relatively close to the upper and lower surfaces
of the wind tunnel. Special attention is paid to the uniformity of flow velocity in the free stream and
whether it varies with position in the tunnel. The measurements were taken at two different stations,
two different temperatures, and three different speeds.
Results indicate that the velocity profiles are adequate, having small boundary layers and
uniform flow in the free stream, for all conditions tested with the exception of the combination of
high temperatures and low velocity. At these conditions the flow in the free stream becomes
nonuniform making it less desirable for use in father experiments.
The cause of this phenomenon is unknown; however, it could be due to small temperature
gradients in the flow. Nonuniform flow temperature may cause density gradients and thus a slight
amount of swirling in the flow. This swirling would introduce non-axial velocity components that
could become significant at low velocities. Recommendations include further testing at higher
temperatures, installing anti-turbulence screens, or avoid doing experiments under the unfavorable
conditions altogether.

1. INTRODUCTION
The purpose of this paper is to determine the effect of changing flow temperature and flow
speed on the quality of air flow in the test section of the UMR Variable Density Wind Tunnel
(VDWT). Row quality is defined as flow that has a relatively small upper and lower boundary layer
and constant velocity across the free stream. Obtaining this data is critical because it is part of a
larger project that will determine the effect of flow density changes on the accuracy of various
common anemometers.
The flow quality was determined by measuring the velocity profile of the flow. The velocity
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profiles in the test section of the VDWT were measured by using a hot wire anemometer and
traversing the hot wire across the height of the test section. The hot wire was chosen because of its
accuracy and its ability to be moved relatively close to the upper and lower surface of the wind
tunnel.
This paper will begin by first giving a quick background on the principle research project,
which is determining the effect of flow density variations on various anemometers. Next a brief
description of the hot wire anemometer and its function will be presented so that its advantages and
disadvantages can be understood. A section will then be devoted to describing the wind tunnel test
facility. The experimental setup and procedure will then be given, and finally the velocity profiles
in the test section will be presented and discussed.

2. PRINCIPLE RESEARCH PROJECT AND SCOPE OF THIS EFFORT
The Rotating Vane Anemometer (RVA), Deflecting Vane Anemometer (DVA), and
Electronic Vane Anemometer (EVA) are common devices used to measure air flow velocity in a
variety of situations. Despite their widespread use, the accuracy of these devices may suffer from
density variations in the flow field, caused by changes in temperature, pressure, and humidity. These
variations may result in significant errors in the reported velocity of the device [1]. The goal of this
research will be to determine which, if any, of these changes in condition will effect the
anemometers, and to develop factors that will correct for these effects.
In order to achieve this goal, the devices are tested while varying one of the three variables,
temperature, pressure, or humidity, and holding the remaining two variables at standard conditions.
For example, temperature may be varied from 50° - 250° F, in 50° increments, while pressure and
humidity are held at 14.7 psi and .0077 lbv/lba respectively. At each temperature a simple
calibration experiment can be run that would compare the reported velocity of the anemometer with
the actual velocity of the flow at a range of flow speeds. In this way, the effect of temperature upon
the performance of the listed anemometers can be determined. Similar experiments can be
performed to determine the effect of pressure and humidity.
Such devices as the RVA, and EVA are large instruments that take up a significant amount
o f the cross-sectional area of the test section. It is important that the flow be uniform and
nonturbulent across the areas occupied by the anemometers. Any interference due to boundary layer
or disturbances upstream could easily effect the results of the experiment. For this reason, the
velocity profile in the test section is measured to verify that the flow is sufficiently uniform and that
there is no interference from the boundary layer.

3. BACKGROUND ON THE HOT WIRE ANEMOMETER
The main advantages of the hot wire anemometer, and the reasons it was chosen for this
project, are its accuracy, and its ability to be moved close to the upper and lower surfaces of the
wind tunnel. The accuracy of the instrument is beneficial when measuring turbulent flow because
the device responds quickly and accurately to small variations in flow velocity. This is most useful
when mesuring velocities inside the boundary layer of a flow. In addition, it is beneficial because
of the compact size of the device (the wire itself is only a micron in diameter) and it may be moved
as close as six one hundredths of an inch to the upper and lower surfaces of the test section.
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The principle of the hot wire anemometer is based on heat transfer. Heat transfer states that
a moving fluid will extract a certain amount of heat from a cylinder depending on the relative
temperatures of the fluid and the cylinder, and the velocity of the fluid. For these calculations, the
thermodynamic properties of the fluid such as viscosity, thermal conductivity, and specific heat must
be known. Assuming that the temperature at which the cylinder is maintained is constant, the
velocity of the fluid is then a function of how much energy is put into the cylinder to maintain its
temperature. For further details on the theory of the hot wire, refer to reference [1]
The output of the hot wire anemometer is in the form of the number of Volts that must be
applied across the wire to maintain its temperature. Heat in the wire is actually generated by the
resistance of the wire to current flowing through i t The following equation relates the Volts input
to the actual velocity of the flow.
E2 = A2 + B Vn
where E is in Volts, V is the velocity of the flow in fpm (feet per minute), A is the voltage of the
hot wire at zero velocity, and B and n are calibration constants that must be determined. The
equation can be rewritten in the form:
ln(E2 - A2) = ln(B) + n ln(V)
This represents the equation of a line with n being the slope and ln(B) being the intercept along the
y-axis. The constants B, and n can now be determined from a graphical plot of the data [1]. A
sample graph is shown in Figure 1. Here n and B have been determined to be .45458 and .01
respectively.
T = 7 0 F - 1 8 " from inlet
n = .45458 - B * .01

Figure 1. Calibration Curve for Hot Wire
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The data for this graph was taken at 70°F, 18 in. from the entrance to the test section. Once
the constants B and n have been determined, the velocity of the flow can be calculated from the
output voltage. Each time new conditions are encountered, the hot wire should be calibrated and
new values for B and n must be calculated.

4. TEST FACILITY
The test facility is a low speed, closed circuit, single return wind tunnel, with a velocity
range of 0 - 40 ft/sec. The test section of the tunnel is 36" long and has a cross-section of 10" on a
side. The side and top of the test section have been designed with a removable plexiglass window
through which the test section can be viewed and equipment and sensors can be installed [2].
The tunnel is equipped with heating coils as well as a refrigeration unit, and can
accommodate temperatures from 40 - 250 °F. A thermocouple in the rear of the test section senses
the temperature of the flow and can activate or deactivate the heating coils as necessary to maintain
the desired temperature. If the desired temperature happens to be below room temperature, then the
refrigeration unit can be manually set at a level that will hold the temperature of the tunnel constant.
The tunnel is also fully insulated, which helps prevent heat transfer and allows for greater
sustainable temperature differences between the tunnel and ambient conditions [2].
The tunnel is pressure sealed and can be pressurized up to 20 psia or vacuum pumped as low
as 5 psia. A pressure sensor monitors the pressure inside the tunnel which must be maintained
manually by either injecting or bleeding air as necessary [2].
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The humidity level of the tunnel can be controlled via manual injection through a range of
.003 - .012 lbv/lba. Humidity is injected by using a hot plate to generate steam from a water bath,
the steam is then fed to the tunnel. Humidity is removed by cooling the tunnel and allowing the
water vapor to condense on the refrigeration coils. The condensation can then be drained from the
tunnel and the tunnel can be reheated to the desired temperature [2].
Extensive arrangements have been made to ensure nonturbulent flow in the test section. A
honeycomb structure is installed to reduce any lateral flow disturbances. Furthermore, a set of 86°
turning vanes were incorporated at each comer of the wind tunnel [2]. The maximum measured
turbulence level in the 1000-3000 fpm range is an acceptably low 0.5% [3].
The general layout of the wind tunnel is shown in Figure 2. As can be seen, the tunnel
incorporates two diffusers which serve to slow the flow and increase the efficiency of the motor-fan
arrangement The contraction section immediately preceding the test section is designed with a 6.25
inlet to outlet area ratio. The test section itself has a 10" x 10" cross-section and is 36" long. Two
transparent windows are incorporated on the top and front sides of the test section to provide
viewing areas [2].

5. EXPERIMENTAL SETUP
The experimental setup consists of a hot wire anemometer, pitot static tube, thermometer,
pressure sensor, and humidity sensor. These insturments are all mounted in the test section of the
VDWT, as shown in Figure 3. An item in Figure 3 labeled in a box indicates that the output of that

F ig u re 3. Side View o f
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instrument is continuously displayed to the experimenter.
The hot wire anemometer is mounted approximately 12" from the entrance to the test section
along with a pitot static tube. They are each mounted in the same cross-sectional plane in order to
prevent disturbances downstream of one instrument from effecting the readings of the other. The
speed registered by each instrument is displayed digitally on the workstation. An oscilloscope is
included to give the experimenter visual data on the output of the hot wire anemometer.
The hot wire is mounted on a ruled traversing mechanism which allows the hot wire to be
raised or lowered to any position in the wind tunnel from the lower surface to the upper surface. The
ruler markings along the traversing mechanism allow the exact height of the hot wire to be
measured.
As mentioned earlier, the temperature of the wind tunnel can be maintained at any level via
a thermocouple which can switch on or switch off the heating coils, as necessary. In addition to the
thermocouple, a thermometer is mounted in the tunnel for independent confirmation of the
temperature. A pressure sensor is also mounted in the tunnel to provide a reading of the pressure in
the test section. The humidity is measured via a humidity sensor and is displayed digitally on the
workstation. All temperature, pressure, and humidity sensors are mounted downstream of the
anemometers, approximately 5 -1 0 in. from the exit of the wind tunnel.

6. EXPERIMENTAL PROCEDURE
The hot wire anemometer is initially calibrated at station 1 (12" from inlet) and at a
temperature of 70°F. The procedure followed is then similar to the one described in section 3. of the
report. The calibration, however, is important only if the final data is presented in terms of the
velocity measured by the hot wire. It is more convenient to present the results in terms of the voltage
applied to the hot wire since this is the value that is actually recorded during the experiment. What
these results will yield is a series of plots that are qualitatively correct, but give no information on
the actual velocity measured. This is acceptable because a qualitative analysis is being applied, and
the actual reported velocity is not important
After the calibration is performed, the hot wire is lowered as close as possible to the bottom
surface of the wind tunnel where the voltage of the hot wire is recorded. The hot wire is then raised
by an increment of 0.025 in where the new output is recorded and the hot wire is raised again by the
same increment This procedure is repeated until the experimenter feels that the hot wire has left the
boundary layer, at which time the increment by which the hot wire is raised is changed to 0.1 in. The
procedure continues until the experimenter is absolutely sure the hot wire has reached the free
stream, at which time the increment becomes 1 in.
The procedure is repeated in reverse when the experimenter feels that the hot wire is nearing
the boundary layer on the upper surface of the wind tunnel. The experimentor will begin raising the
hot wire in 0.1 in. increments again, and then when the boundary layer is just about to be entered
the increments will switch to 0.025 in.
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In this manner, the velocity profile of the wind tunnel can be measured. The procedure
above, including the calibration, is repeated for two locations in the test section, station 1 (12" from
inlet), and station 2(18" from inlet). At each station, the profile is measured for two temperatures
(70°F, and 100°F), and three flow speeds (500 fpm, 1500 fpm, and 3500 fpm).

7. RESULTS AND DISCUSSION
The results consist of 12 graphs displaying velocity profiles taken at various stations,
temperatures, and speeds. Graphs taken at 70°F will be referred to in Figure 4. and graphs taken at
100°F will be referred to in Figure 5. The results will be discussed using two of the graphs as
examples.
The first graph, which displays a typical velocity profile, is constructed from data taken at
station 1 (12" from inlet), 70°F, and 500 fpm, see Figure 4. The boundary layer at the bottom
surface of the test section is under 0.5 in. At the top of the tunnel, a slight acceleration in the flow
can be seen just before the boundary layer is reached. This acceleration is typical of the velocity
profiles taken at station 1. It does not represent a serious change in velocity. In fact the difference
is only .001 Volts or .245% greater than free stream velocity. This velocity profile exhibits an
acceptably small boundary layer along with uniform flow in the free stream. The profile is quite
satisfactory resul tand is characteristic of most of the measurements taken.
Unfortunately not all the velocity profiles were as good as the first one. The next example
demonstrates some of the problems encountered with the profiles. This graph was taken from data
at station 2(18" from inlet), 100°F, and 500 fpm, see Figure 5. As can be seen, the velocity in the
free stream does not remain constant throughout the height of the tunnel. There is a change of
0.0093 volts from the free stream value to that at the apex of the dent in the graph. This represents
a velocity change of 1.96% from the free stream velocity. This effect was exhibited in a number of
graphs, specifically those at 100° and either 500 or 1500 fpm. The trend disappeared at velocities
of 3500 fpm.
The cause of the velocity drop is unknown however, it seems to be confined to high
temperatures and low speeds. One possible explanation of this phenomenon is that when the flow
is heated the temperature does not get distributed in a completely uniform matter. This would cause
density variations in the flow and the flow could begin circulating to relieve the variations. This
circulation, called swirl, would introduce small components of velocity that are not in the axial
direction. At low speeds, these non-axial velocity components could become noticeable, and result
in a nonuniform velocity profile in the free stream.
Even though the effect represents less than a 2% actual change in velocity, this change may
be significant in conducting the research described earlier. Since the RVA and EVA are large
instruments, the velocity would not be constant across their height
The cause of this problem is not completely understood, therefore, it is difficult to
recommend a solution. However, more testing at higher temperatures, installing anti-turbulence
screens in the tunnel, and avoiding low speed and high temperature conditions during testing may
a prudent recommendation.
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STATION 2

STATION 1
Flow Velocity 500 fpm

Flow Velocity 500 fpm

Flow Velocity 1500 fpm

Flow Velocity 1500 fpm

Flow Velocity 3500 fpm

Flow Velocity 3500 fpm

Figure 4. Velocity Profiles in the VDWT Test Section at T = 70°
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STATION 1

STATION 2
Flow Velocity 500 fpm

Flow Velocity 500 fpm

Figure 5. Velocity Profiles in the VDWT Test Section at T = 100°
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8. CONCLUSION
The primary goal of this paper was to determine the flow quality in the test section of the
UMR Variable Density Wind Tunnel under different temperatures and velocities. The need to verify
the flow quality arose out of a larger research project concerning density effects on the performance
of various common anemometers. Flow quality is defined as a velocity profile having relatively
small upper and lower boundary layers, and smooth flow through the free stream.
Results from this experiment indicate that the flow is of adequate quality under all conditions
checked, except for the combination of high temperature and slow speed flow. When these
conditions are encountered the flow in the free stream of the test section tends to be non-constant
and less appropriate for use in conducting further experiments.
Possible causes of this problem include the possibility that the temperature of the flow has
not become constant by the time it reaches the test section. If this were the case there could be
density gradients in the flow which would cause the flow to circulate and swirl. At low flow speeds,
this swirl could introduce a significant velocity component in a non-axial direction causing the flow
to be nonuniform in the free stream. This is only a possible explanatior it has not been proven and
other explanations may certainly exist.
To overcome this problem, it is recommended that further tests be conducted at even higher
temperatures including 150°, 200°, and 250°. This will help to better understand the problem. If the
problem persists at the higher temperatures then installing some anti-turbulence screens to reduce
longitudinal flow disturbance may be in order. Another possibility is simply to avoid experimental
conditions at low speeds and high temperatures. This may be a viable alternative since it apparently
does not take long before increasing the flow speed will smooth out the irregularities.
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